The relationship between specific growth rate of Escherichia coli and the concentration of limiting nutrient (glucose or phosphate or tryptophan) has been determined for populations in a steady state. At high concentrations the specific growth rate is independent of the concentration of nutrient, but at low concentrations the specific growth rate is a strong function of the nutrient concentration. Such a relationship was predicted by Monod; however, Monod's equation does not predict the relationship over the entire range of nutrient concentration. If parameters of the equation are estimated from the results obtained at low concentrations, then at high concentrations of nutrient, the specific growth rate is significantly higher than that predicted by Monod's equation. These results were interpreted on the basis that the rate of growth is controlled by at least two parallel reactions and that the affinities of the enzymes catalyzing these reactions are different. The relationship between specific growth rate and mean cell volume was also measured, and the results indicate that mean cell volume depends not only on the specific growth rate but also on the nature of the limiting nutrient. There are different mean cell volumes at the same specific growth rate established by different limiting nutrients. Therefore, the mean cell volume is not uniquely determined by the specific growth rate.
It is common experience that a bacterial culture, growing in a medium in which one nutrient limits the final crop, grows at a constant specific rate (exponentially) until just before growth ceases from exhaustion of the limiting nutrient. This observation implies that, over a wide range of concentration of nutrient, the specific growth rate is independent of the concentration of nutrient; only after the concentration is greatly reduced does the specific growth rate decrease. One can estimate the relationship between specific growth rate and nutrient concentration by measurements on the culture during the short interval over which the specific growth rate declines from its maximal value to zero (8, 9, 23, 24) . Such an estimate is necessarily imprecise. The condition of the culture is certainly not a steady state; both nutrient concentration and specific growth rate are changing rapidly, making estimates difficult.
Continuous culture, at least in principle, permits the establishment of a steady state at a submaximal specific growth rate. If fresh medium dilutes the culture at a specific rate less than the maximal specific growth rate and if the population density stabilizes at some non-zero value, the specific growth rate must equal the specific dilution rate. Measurement of the concentration of the limiting nutrient in the culture establishes the desired relationship (6, 16, 25) .
We have chosen the alternative of preparing media with the concentration of one nutrient sufficiently low such that the specific growth rate is initially submaximal, and maintaining by periodic transfer a bacterial population sufficiently dilute such that the initial concentration of nutrient does not change significantly before transfer. In Pasteur, and has been lyophilized and stored in the culture collection of the Department of Bacteriology. This strain was cultivated for 2 months in continuous exponential growth at low density by periodic transfer in glucose minimal medium, after which cultivation a clone was isolated as a colony on a plate of eosinmethylene blue-lactose agar. The isolate (29) which has been designated strain ML30G ("G" denoting long cultivation in glucose minimal medium), was kept on slants of the same medium. Phosphate-deficient basal medium. To examine the effect of the phosphate concentration on the kinetics of growth, it was necessary to change the composition of the basal medium. Many recipes, differing with respect to ionic strength and buffer systems, were tested. The recipe which was used in the investigation of the effect of phosphate concentration on the kinetics of growth was as follows: KCI, 7.46 g; FeSO4 7H20, 0.0005 g; CaC12, 0.01 g; MgCl2 6H20, 0.2 g; NH4Cl, 0.8 g; Na2SO4, 0.2 g. The filtration and sterilization of this medium was similar to that of the standard basal medium.
The following procedure was used to free the basal medium of small particles which interfere with electronic counting and sizing of dilute populations. The medium was filtered immediately after preparation through a membrane filter (type GS, Millipore Corp., Bedford, Mass.) with 0.45-;tm average pore diameter (APD) and was heated at 121 C for 30 min. When it cooled, the medium was filtered twice through a 0.22-um APD membrane filter, and 50-ml portions were distributed aseptically into 250-ml sterile Erlenmeyer flasks. The sterile flasks were covered with aluminum foil rather than cotton plugs to avoid contamination by particles and were stored in an incubator room at 30 (3, 27) and is easily demonstrable; the final population density is approximately 106 cells/ml. This growth results from contamination by organic material of utensils, water, air, and filters, and, to a lesser extent, the inorganic ingredients of the medium.
Tap distilled water was the main source of organic contamination. The water was distilled in glass from an alkaline solution of permanganate, and this distillate was redistilled in glass from 5% sulfuric acid. This procedure removed the organic nutrients from the water.
Soluble organic compounds, some of which may serve as nutrients for enteric bacteria (19) , were removed from the membrane filters by thorough washing of the filters with hot water.
Glassware was cooked (at least 60 C) overnight in sulfuric acid saturated with sodium nitrate, washed with redistilled water, and used immediately.
A control experiment to test these precautions demonstrated that washed cells of E. coli ML30G (5 x l10 cells/ml) did not increase in number in basal salt medium prepared from the redistilled water.
With-these precautions, it is possible to measure the kinetics of growth at low concentrations of the carbon source, as low as 10-7 M glucose.
Measurements of cell numer and cell volume. The cultures were grown in Erlenmeyer flasks incubated on a shaker at 30 C. Samples (5 ml each) from cultures in balanced growth (4, 26) The multichannel scaling mode of the pulse height analyzer in conjunction with an absolute lower discriminator (13) was used to measure the number of cells per milliliter. Several counts (five to eight) were taken of each sample; the counts were corrected by a factor obtained from an analysis of the measured size distribution and appropriate to the discriminator setting (22) . The cell size distribution was measured in I min on the same sample used to determine total count. These data were recorded immediately by punching paper tape for subsequent analysis by computer.
The specific growth rate, k, per hour was computed by linear regression of corrected counts according to the following equation: log. N = ki + log. N,. N is the number of cells per ml at time t, and No is the number of cells per milliliter at time zero.
RESULTS
Effect of glucose coocentration on the specific growth rate. A series of cultures which differed from each other only with respect to the glucose concentrations, which ranged from 0.1 to 1,000 AM, were inoculated from a steady-state culture and were maintained in continuous exponential growth at low density (less than 106 cells/ml) to establish a steady state. At concentrations of glucose greater than 50 ,uM, the specific growth rate is not demonstrably dependent on the glucose concentration (Fig. IA) . At concentrations of glucose in the range of 5 to 50 iMm, the specific growth rate changed only slightly as the glucose concentration was changed. The specific growth rate is a strong function of the glucose concentration only in the range of 0 to 5 AM glucose.
The lowest specific growth rate corresponding to a well defined steady state was 0.155 hr-1 at 0.1 AM glucose. It was difficult to maintain the culture in a steady state at glucose concentrations lower than 0.1 AM. At 0.01 MM, an initial population of 103 cells/ml increased in number by less than a factor of 2. At this concentration of glucose, it is likely that the low rate of respiration fails to meet the maintenance requirement (20, 21) .
As a test of equation 1, the reciprocal of specific growth rate was plotted against the reciprocal of glucose concentration in accord with the linear transformation I/k = (Ks/kmax) (I /c) + I kmax (2) It can be seen from Fig. IB centration.
The reciprocal of specific growth rate was plotted as a function of the reciprocal of phosphate concentration according to equation 2. Figure 2B shows the relationship is linear only at low concentrations.
Effect of amino acid concentration on the specific growth rate. A series of media, containing I mm glucose and differing from each other only with respect to the tryptophan concentration (ranging from 0.02 to 1,000 Mm), were inoculated with E. coli TS-701; the cultures were maintained in continuous exponential growth by periodic dilution until the steady state was well established.
At high concentrations of tryptophan, the specific growth rate is independent of the amino acid concentration (Fig. 3A) . However, at con- centrations below I gM, the specific growth rate is a strong function of the tryptophan concentration.
The reciprocal of specific growth rate was plotted as a function of the reciprocal of tryptophan concentration (Fig. 3B) 30 C in minimal medium containing different concentrations of tryptophan. The population was maintained at less than 106 cells per ml by periodic dilution of the culture. The solid lines were computed from equation 4 using parameters in Table  1 . A, The ordinate is specific growth rate per hour, and the abscissa is tryptophan concentration in JM. B, The ordinate is the reciprocal of specific growth rate, and the abscissa is the reciprocal of tryptophan concentration. mean cell volume and specific growth rate is empirically predicted by the following equation V = 1.2k4 + 0.49 (3) in which V represents the mean cell volume in cubic micrometers and k represents the specific growth rate per hour. The relationship between mean cell volume and specific growth rate governed by tryptophan or phosphate concentration is more complex. Figure 5 shows a plot of mean cell volume as a function of the specific growth rate governed by the concentration of tryptophan. As the specific growth rate increases, the mean cell volume increases to a maximal value of 1.38 itm3 and then decreases. The relationship between the mean cell volume and the specific growth rate, governed by phosphate concentration, was similar to that obtained with tryptophan as the limiting nutrient. (28) showed a systematic variation in the mean size of the cells from cultures of Salmonella typhimurium in balanced growth, and suggested that the mean size of cells might be determined uniquely by the specific growth rate. However, our results indicate that mean cell volume depends not only on the specific growth rate but also on the nature of the limiting nutrient. If glucose is the limiting nutrient, the mean cell volume is a monotonically increasing function of specific growth rate but is not an exponential function as has been suggested by others (II, 15, 18, 28) . If phosphate or tryptophan is the limiting nutrient, the relationship is not monotonic; the mean cell volume has a maximal value at specific growth rates of approximately 0.68 hr-' and 0.43 hr-' for phosphate and tryptophan, respectively. The results show different mean cell volumes at the same specific growth rate established by different limiting nutrients; thus, in agreement with the results of others (10, 11, 15) we conclude that mean cell volume is not uniquely determined by specific growth rate.
DISCUSSION
The change in mean cell volume with a change in specific growth rate is not understood. It has been shown that, if the growth rate is limited by the nitrogen source, the cells are enlarged, presumably as a result of accumulation of polysaccharide (10-12, 17, 31 (14) . The phasing of successive rounds of DNA replication appears to be the mechanism of accommodating an essentially constant rate of DNA synthesis per growing point to differing growth rates (7) . The replication of DNA also controls, in some manner, cell division (5); thus, the phasing of successive rounds of replication may be responsible for altering the mean cell volume. It would be of interest to examine the pattern of DNA replication at low specific growth rates to determine whether that pattern is related to the variations in mean cell volume.
